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RNAs play essential roles in many fundamental cellular 

processes such as gene regulation and host defense. Long non-

coding RNAs are key actors in development, epigenetics, cancer, 

brain function and hereditary diseases,
1-3

 while small RNAs and 

the untranslated regions of mRNAs regulate cellular processes 

such as transcription and translation.
4
 The diverse functions of 

RNAs are closely linked to their structures. The secondary 

structure of an RNA molecule (the pattern of base pairing) 

dictates the tertiary folding. A RNA function may depend on 

sequence, secondary and tertiary structures, or a combination of 

these features. Secondary structures are usually considered as the 

key point for RNA functions.  

A wide range of chemicals can be used to determine RNA 

secondary structure. Recently, methods for genome-wide RNA 

secondary structure determination by dimethyl sulfate or an 

acylating reagent have been developed.
5-7

 Selective 2’-hydroxyl 

acylation analyzed by primer extension (SHAPE) is used to 

identify the flexible nucleotides (often unpaired nucleotides) in 

RNAs. SHAPE relies on the use of anhydride, imidazolide or 

acyl cyanide acylating reagents such as NMIA (N-methylisatoic 

anhydride), BzCN (benzoyl cyanide), 1M7 (1-methyl-7-

nitroisatoic anhydride) and FAI (2-methyl-3-furoic acid 

imidazolide) and NAI (2-methylnicotinic acid imidazolide).
8-12 

The identity of nucleotide has a low influence on ribose 2’-

hydroxyl reactivity.
13

 SHAPE-directed RNA modeling is a 

powerful approach but it is not always unambiguous.
14

 In the 

SHAPE chemistry, the acylating reagent is supposed to acylate 

only the 2’-hydroxyl function (Figure 1),
5,15

 based on the 

reactivity of cAMP and cGMP with NMIA under basic 

conditions (with 2N NaOH to adjust the pH to 9.6).
16

 To the best 

of our knowledge, no structural data based on NMR or X-ray 

methods establish that the acylation of the 2’-OH group is the 

unique product of the reaction. Besides, use of sodium hydroxide 

solution could increase the nucleophilic property of hydroxyl 

group by deprotonation. Actually, nucleobase
17-19

 or cyclic 

phosphate
20

 could also be acylated or alkylated. These reactions, 

even occurred partially, might explain the unexpected reactivity 

of some nucleotides towards acylating reagents. We then decided 

to identify acylation sites in ribonucleotides with NMR and mass 

spectrometry (MS) methods,
21,22

 by using cyclic ribonucleotides 

(cAMP, cGMP and cCMP) as model substrates. Cyclic (3',5') 

nucleosides monophosphate (cNMPs) were chosen because these 

cyclic forms were shown to be "hyper-reactive" toward SHAPE 

agents.
13

  

 

 

 

 

Figure 1. Proposed SHAPE mechanism: 2’-acylation at flexible RNA 

nucleotides. 

      We then performed the acylation reaction with NMIA under 

SHAPE conditions at pH 8 and 38 °C. The reaction at pH 8 is 

much slower than that at pH 9.6.
16,23,24

 Total consumption of the 

starting cNMP needed 20 equivalents of NMIA after one-night 

reaction (Scheme 1).
25,26

 78 to 84% of fluorescent nucleotides 1-3 

have been isolated.
27

 These compounds showed a maximum 

absorption at 360 nm and maximum fluorescence emission at 424 

nm in acetonitrile (ex = 360 nm) (Figure S1). 
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SHAPE chemistry (selective 2’-hydroxyl acylation analyzed by primer extension) has been 

developed to specifically target flexible nucleotides (often unpaired nucleotides) independently 

to their purine or pyrimidine nature for RNA secondary structure determination. However, to the 

best of our knowledge, the structure of 2’-O-acylation products has never been confirmed by 

NMR or X-ray data. We have realized the acylation reactions between cNMP and NMIA under 

SHAPE chemistry conditions and identified the acylation products using standard NMR 

spectroscopy and LC-MS/MS experiments. For cAMP and cGMP, the major acylation product 

is the 2’-O-acylated compound (> 99 %). A trace amount of N-acylated cAMP has also been 

identified by LC-UV-MS². While for cCMP, the isolated acylation products are composed of 96 

% of 2’-O-acylated, 4 % of N,O-diacylated, and trace amount of N-acylated compounds. In 

addition, the characterization of the major 2’-O-acylated compound by NMR showed slight 

differences in the conformation of the acylated sugar between the three cyclic nucleotides. This 

interesting result should be useful to explain some unexpected reactivity of the SHAPE 

chemistry.   
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Scheme 1. Acylation reaction in a mixture of 1:1 DMSO-HEPES buffer 

(pH8, 50 mM HEPES-KOH, 200 mM KOAc, 5 mM MgCl2). 

      Structural characterization of the isolated acylated products 

have been realized by standard 1D and 2D homo- and 

heteronuclear NMR spectroscopy and LC-UV-MS² experiments. 

The NMR analysis of the different reaction products allowed 

identification of a major reaction product for the three NMIA 

reactants cAMP, cGMP and cCMP. Interestingly, while for 

cAMP a unique compound was detected, the spectra of the 

reaction products for cCMP and cGMP showed that, besides a 

major compound, a minor product (~2%) was observed. For the 

major compound, we integrated separately the resonances related 

to the nucleoside mono-phosphate part (cNMP; N stands for any 

nucleotide A, C, or G) and those related to NMIA part, this 

permitted to establish the formation of a mono-acylated product. 

In a second step, we analyzed in detail the connectivities detected 

for the major product by using COSY, HSQC and HMBC spectra 

for the three studied cNMPs. This led to the unambiguous 

assignment of the 
1
H and 

13
C resonances of three monoacylated 

cNMPs. The analyses allowed determining that the major 

acylation site is at the O2' position. We identified in the HMBC 

spectra a direct 
3
J scalar coupling between the H2' proton of 

ribose sugar and the carbonyl C1" formed consequently to the 

acylation reaction (Figures 2, S2 and S3). This latter carbonyl 

showed also 
3
J and 

4
J couplings to the NMIA protons. These 

observations were made for the major reaction products with 

cAMP and cGMP and constitute a direct proof of the acylation at 

the O2' position. The perturbations of proton chemical shifts 

consecutive to the acylation are in good agreement with the 

information obtained from the scalar couplings. Indeed, a 

downfield shift of 1.3-1.5 ppm (according to the cNMP 

considered) was observed for the H2' proton while smaller shifts 

were observed for the H1' (0.2-0.3 ppm) and H3' (0.1-0.3 ppm) 

protons (Figure S4). Besides, the absence of 2’-OH on the 

acylated product has been confirmed by exchange experiment 

with D2O (Figure S5). In contrast, other protons of the acylated 

cNMPs showed very weak variations. The very similar pattern of 

chemical shifts modifications due to acylation with the three 

cyclic monucleotides strongly suggest that the acylation site is 

the same, that is at the O2' position.  In addition, the chemical 

shifts of the NMIA part are extremely close suggesting a similar 

environment with the three cNMPs. Interestingly, small 

differences were observed in the scalar couplings 
3
J 

1
H-

1
H (J2’,3’ 

between 5.3 and 5.9 Hz) and the intensities of HMBC H2'-C1" 

peaks vary significantly between cAMP/cGMP and cCMP 

(Figures 2, S2 and S3) indicating that the corresponding 
3
J H2'-

C1" could be different in the three final reaction products. These 

data indicate the existence of differences in the sugar 

conformation between the cAMP and cGMP versus the cCMP 

products. Indeed, it was not expected that the acylated products 

of cyclic and therefore constrained mononucleotides should 

exhibit significant differences in the ribose sugar conformations. 

This interesting observation suggests that the ribose puckering is 

an important factor for the acylation reaction. For all the cNMPs, 

the small proportion (< 3%) of the minor isomer hampered its 2D 

analysis. 

 
Figure 2. 1H-13C spectra of the cGMP acylation product 3 with assignments 

of CH and CH2 carbons as well as those of some cross-peaks. HSQC (red) 

and two HMBC spectra with two different values of delays were chosen for 
the visualization of long-range couplings J = 4 Hz (blue) and J = 6 Hz (black) 

(See also Figures S6-8 for more details). The name of CH and CH2 carbons 

are indicated in red at the position of the HSQC cross-peaks. The 3J coupling 
C1"-H2' is boxed. 

 

      The LC-ESI-MS/MS analysis, thanks to its high sensitivity, 

permitted the analysis of the different products of the reaction, 

even in the case of a very low amount of products. LC-UV-MS² 

in negative ionization mode was performed to characterize each 

compound of the mixture. Specificity of fragment ions for O- and 

N-acylation can be determined from fragmentation pathways. In 

the case of cCMP, three different peaks in 4/96/trace ratio were 

quantified from UV spectra recorded at 232 nm and identified by 

MS (Figure 3). The dominant species detected at m/z 437 

exhibited fragment ions at m/z 326 and m/z 150 (Table S1, Figure 

S9) specific of the O-acylation (1). In fact, the detection of 

fragment ions at m/z 150 corresponding to C8H8NO2 (2-NHMe-

Ph-CO2
-
) which can only be formed from O-acylation product. In 

addition, the direct loss of 111 Daltons (m/z 326), which 

corresponds to the cytosine nucleobase, can only be lost from O-

acylated compounds. A mechanism has been proposed in Scheme 

2. 

     The species detected at m/z 570 exhibited two fragment ions 

detected at m/z 243 and m/z 376, characteristic of the N-acylation 

(Table S2, Figure S10). In fact, N-acylated compounds show 

acylated cytosine fragment ion (m/z 243), allowing the 

unambiguous determination of N-acylation. In addition, a 

fragment ion at m/z 326 specific of O-acylation was also 

observed, clearly suggesting that the species detected at m/z 570 

was N,O-diacylated (1b) (proposed mechanism in Scheme 3). By 

contrast, the third compound detected at m/z 437 and present at 

trace amount, showed specific fragment ions of the N-acylation at 

m/z 243 and m/z 376 (1c) (Scheme S1). Moreover, the successive 

losses of 43 (m/z 394) and 18 (m/z 376) mass units corresponding 

to CONH and H2O, respectively, indicate the presence of a free 

hydroxyl group meaning that O-acylation did not occurs. ESI-

HRMS² analysis of these compounds was used to confirm 

molecular formulae of the specific fragment ions described 

(Table S1).  

 



 
 

Figure 3. Extracted ion chromatogram from LC-UV-MS experiments of a 

solution mixture of 1 diluted at 100 µM in acetonitrile. The concentration of 
the solution mixture was voluntary too important in order to observe N-

acylation compound at 12.6 min but generated peak duplication.  
 

 
 

Scheme 2. Proposed mechanism associated with the main fragment ions of 
the m/z 437 ion corresponding to O-acylated cCMP 1. 

 
Scheme 3. Proposed mechanism associated with the main fragment ions of 

the m/z 570 ion corresponding to N,O-diacylated cCMP 1b. 

For cAMP, two compounds at m/z 461 were detected from 

LC-UV-MS² experiments (tR = 3.5 and 11.8 min), corresponding 

to acylated cAMP (Figure S11, Table S3). CID analysis of the 

major compound (tR = 3.5 min, > 99 % from UV quantitation) 

exhibited fragment ions at m/z 326 (loss of adenine) and 150 

(C8H8NO2) specific of the O-acylation (vide supra) (Scheme S2). 

The compound at m/z 461 presented at trace level (tR = 11.8 min) 

showed fragment ion at m/z 267 (N-acylated adenine), specific of 

the N-acylation (Scheme S3). Fragment ions composition of the 

O-acylated compound was confirmed by HRMS² (Table S3). 

Concerning cGMP, one major product (> 99 % at m/z 477) and 

four minor compounds (including the starting material cGMP at 

m/z 344) have been detected (Figure S12). Acylated cGMP was 

observed at m/z 477 from LC-UV-MS² spectra. CID spectra of 

this ion showed specific fragment ions at m/z 326 and m/z 150, 

characteristics of the O-acylation, as confirmed by ESI-HRMS² 

(Table S4, Scheme S4). 

In conclusion, we have identified for the first time the 

acylation products of cNMP with NMIA carried out under the 

SHAPE chemistry conditions, by NMR and mass spectrometry. 

The LC-ESI-MS/MS analysis clearly demonstrate that beside the 

major 2’-O-acylated product, there are also N- and N,O-

diacylated products with cNMPs, especially in the case of cCMP. 

This interesting result should be useful to explain some 

unexpected reactivity of the SHAPE chemistry.  
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26. Reaction of cNMP with BzCN under SHAPE’s condition was 
much more difficult to lead to completion, probably due to the 

instability of BzCN in aqueous medium. We have failed to isolate 

pure and sufficient amount of acylation products for analysis, 

despite many attempts. 

27. General procedures for the acylation: To a mixture of cNMP (1 

equiv.) in HEPES buffer (pH 8)/DMSO system, was added NMIA 

(20 equiv.). The resulting mixture was stirred at 38 °C overnight. 
Then the solvent was removed under reduced pressure and the 

residue purified by column chromatography (CH2Cl2/MeOH, 2/1) 

to give the acylated compound. Compound 1: white solid, 84%, 

Rf: 0.08 (CH2Cl2/MeOH, 5/1); 1H NMR (DMSO) 7.89 (d, 1H, J 

= 8 Hz, H-3"), 7.61 (d, 1H, J = 7.4 Hz, H-6), 7.44 (t, 1H, J = 7.5 

Hz, H-5"), 6.72 (d, 1H, J = 8.7 Hz, H-6"), 6.62 (t, 1H, J = 7.6 Hz, 
H-4"), 5.78 (d, 1H, J = 7.3 Hz, H-5), 5.76 (s, 1H, H-1’), 5.49 (d, 

1H, J = 5.3 Hz, H-2'), 4.61-4.67 (m, 1H, H-3'), 4.09-4.16 (m, 2H, 

H-5'a, H-5'b), 3.84-3.90 (m, 1H, H-4'), 2.84 (d, 3H, J = 5.0 Hz,  N-

Me);13C NMR (DMSO)  169.0 (C1”), 168.5 (C4), 157.0 (C2), 

154.1 (C7"), 145.8 (C6), 137.8 (C5”), 134.1 (C3”), 116.8 (C4”), 

113.6 (C6”), 111.0 (C2”), 97.2 (C1’), 95.8 (C5); 77.8 (C3’), 75.7 
(C2’), 75.3 (C4’), 67.9 (C5'), 31.9 (Me Compound 2: white solid, 

80%, Rf: 0.13 (CH2Cl2/MeOH, 5/1); 1H NMR (DMSO)  8.31(s, 

1H, H-8), 8.20 (s, 1H, H-2), 7.93 (d, 1H, J = 8.0 Hz, H-3"), 7.45 

(t, 1H, J = 7.8 Hz, H-5"), 6.72 (d, 1H, J = 8.5 Hz, H-6"), 6.64 (t, 

1H, J = 7.5 Hz, H-4"), 6.23 (s, 1H, H-1'), 5.89 (d, 1H, J = 5.9 Hz, 

H-2'), 5.04-5.09 (m, 1H, H-3'), 4.05-4.14 (m, 2H, H-5'a, H-5'b), 
3.96-4.02 (m, 1H, H-4'), 2.83 (d, 3H, J = 5.1 Hz, N-Me); 13C NMR 

(DMSO)  169.0 (C1”), 155.6 (C2), 154.1 (C7"), 143.0 (C8), 

151.6 (C4), 137.9 (C5”), 134.1 (C3”), 121.5 (C5), 116.8 (C4”), 
113.7 (C6”), 111.0 (C2”), 91.8 (C1’), 77.8 (C3’), 75.7 (C2’,C4’), 

67.8 (C5'), 158.9 (C6), 31.9 (Me). Compound 3: white solid, 78%, 

Rf: 0.08 (CH2Cl2/MeOH, 5/1); 1H NMR (DMSO)  7.93 (s, 1H, 
H-8); 7.91 (d, 1H, J = 8.0 Hz, H-3"), 7.45 (t, 1H, J = 7.8 Hz, H-

5"), 6.72 (d, 1H, J = 8.6 Hz, H-6"), 6.63 (t, 1H, J = 7.4 Hz, H-4"), 

5.98 (s, 1H, H-1'); 5.77 (d, 1H, J = 5.9 Hz, H-2'); 4.79-4.87 (m, 
1H, H-3'); 4.02-4.14 (m, 2H, H-5'a, H-5'b), 3.94-4.01 (m, 1H, H-

4'), 2.84 (d, 3H, J = 5.0 Hz, N-Me); 13C NMR (DMSO)  169.0 

(C1”), 154.3 (C7"), 153.4 (C4), 139.5 (C8), 138.0 (C5”), 134.1 
(C3”), 119.6 (C5), 116.8 (C4”), 113.7 (C6”), 111.0 (C2”), 91.0 

(C1’), 78.1 (C3’), 75.8 (C2’), 75.6 (C4’), 68.0 (C5'), 156.5 (C2), 

159.7 (C6), 32.0 (Me).  

 

 


